Polymer materials often experience micro-cracks during their service. Self-healing polymeric materials have the built-in capability to substantially recover their load transferring ability after damage. This field of self-healing materials is a relatively new one, beginning in the early 1990s, with the majority of the research occurring in the past decade [1, 2] . The ring-opening metathesis polymerization of dicyclopentadiene (DCPD) [3, 4] , addition and ionic polymerization of epoxy [5] , condensation polymerization of polysiloxane [6] , organic solvents [7] and isocyanates [8] , have been reported for automatically repairing cracks in polymers at room temperature.
Caruso et al. [7] reported for solvent-based selfhealing of epoxy materials an autonomic system yielding complete recovery of fracture toughness after crack propagation. Kamphaus et al. [12] used WCl 6 as a catalyst precursor for the ring-opening metathesis polymerization of exo-dicyclopentadiene in self-healing epoxy applications. Li et al. [13] have reported that the diameter of the poly (melamine-formaldehyde) (PMF) microcapsules containing DCPD has a significant influence on the self-healing efficiency. In this work, microencapsulated epoxy and mercaptan-derivative were incorporated into epoxy resins. The fracture behavior of microcapsules-loaded epoxy matrix was investigated for the effect of temperature. It is found that the suitable healing temperature has a significant effect on the healing of the microcapsule-loaded epoxy matrix, thereby influencing the fracture behavior.
Experimental 2.1 Materials and sample preparation
Two types of epoxy resin were employed. One was diglycidyl ether of bisphenol A (ECS epoxy and ECS winter hardener, Uroxsys Ltd., East Tamaki, New Zealand) acting as the matrix polymer, and the other was diglycidyl tetrahydro-o-phthalate (DTHP, Jindong Chemical Plant, Tianjin, China) with epoxide equivalence weight of 0.65 mol (100 g) -1 , density of 1.24 g·ml -1 at 20°C, and viscosity of 0.36 Pa·s at 25°C as the polymerizable component of the healing agent. Accordingly, two types of curing agent were used. They are diethylenetriamine (DETA) supplied by Shanghai Medical Group Reagent Co. (Shanghai, China) working for pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) with a boiling point of 275°C at 1 mmHg, density of 1.28 g·ml -1 at 20°C, and hydrosulfide group content of 26.55%, purchased from Fluka Chemie AG (Buchs, Switzerland). The catalyst benzyl dimethylamine (BDMA) with boiling a point of 183.5°C was purchased from Shanghai Medical Group Reagent Co. (Shanghai, China). DTHP (400.0 g) was added to a 2wt% aqueous solution of sodium styrene-maleate copolymer (1200 ml). The mixture was vigorously stirred for 5 min and then a few drops of 1-octanol were added to eliminate surface bubbles of the epoxy emulsion. The prepolymer of melamine (62.5 g) and 37%
formaldehyde (135.5 g) was synthesized at 70°C for 30 min and pH value of the solution was kept at about 9-10 by adding triethanolamine. Subsequently, the prepolymer solution was added to the above epoxy emulsion at 50°C with continuous agitation for 1 hr while pH value of the system was kept at about 3 by adding citric acid. Eventually, the reaction mixture was cooled down to room temperature and the deposit of microcapsules was separated through a Buchner funnel, rinsed with deionized water and vacuum dried. The microcapsules containing the hardener were prepared in two steps. Firstly, mercaptan-derivative was microencapsulated in a similar way as that adopted in making epoxy-loaded microcapsules. Then, the microcapsules were uniformly dispersed into catalyst solution (BDMP) at 40°C for a certain time (0.5-24 hrs), filtrated, rinsed with ethyl ether and dried at room temperature. The unfilled epoxy specimens were produced through mixing 4.55 parts Uroxsys ECS resin with 1 part hardener, while the self-healing epoxy composites were prepared by mixing 5% of the microcapsules containing epoxy and its hardener. Either the unfilled epoxy or the filled version was poured into a closed silicone rubber mold, degassed and cured for 24 hrs at room temperature.
Fracture test
All the tests were conducted in an Instron 1186 mechanical testing machine (Instron, Norwood, MA, USA) to determine extension and maximum load using the three-point bending configuration. Steel devices were fabricated to fix test specimens for the double-torsion test. Prior to testing, a notch was molded and then sharpened by tapping a fresh razor blade in to the material. 3-5 samples were tested for each condition. The samples were cut to 60 mm!100 mm size with 10 mm notch and side Figure 1 illustrates the basic geometry of the experimental setup. For fracture tests a pin loading and constant displacement rate condition with 0.2 mm/min were used until the crack length was ~2 mm. The above samples were unloaded, healed and tested again after 17 hrs from initial fracture event at 18, 55 or 110ºC. Healing efficiencies were determined by comparing the healed peak loads to the virgin peak loads.
Characterization 2.3.1. Optical images and scanning electron microscope (SEM)
The appearance of the microcapsules was observed by optical microscope Leica IC3D (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany). The surface morphology of samples was examined by scanning electron microscopy (XL30 ESEM-FEG, Philips, FEI Company, Hillsboro, Oregon, USA). Microcapsules were mounted on a conductive stage. Samples were sputtered with a thin layer (10 nm) of gold"palladium to reduce charging.
Size
The particle size distribution was examined using a Malvern Mastersizer 2000 Ver. 5.54 (Malvern, UK). The particle refractive index parameter was 1.58. The technique is based around the principle that particles passing through a laser beam will scatter light at an angle that is directly related to their size.
DSC
Differential scanning calorimetry (DSC) analysis (TA Q1000 calorimeter, TA Instruments, New Castle, DE, USA) was used to investigate the reactivity of the prepared capsules. Small amounts of samples (5-10 mg) were heated from -20 to 140°C at a rate of 5°C/min in a N 2 environment.
FTIR
Fourier-transform infrared (FTIR) spectra were obtained by Atlas FTIR spectrometer to identify the chemical structure of the specimens, which were prepared by grinding the samples with potassium bromide (KBr) or by appending the samples to a diamond using an Attenuated Total Reflectance (ATR) method.
3. Results and discussion 3.1. Microstructure and particle size distribution of microcapsules Figure 2 shows the SEM micrograph of microcapsules. The SEM image of Figure 2b was taken from the surface of a microcapsule-loaded epoxy. The surface of microcapsules is rough, and it may be composed of PMF nanoparticles protruding from the surface [15] . The protuberant nanoparticles can increase the surface area of microcapsules and enhance surface adhesion. Furthermore, the microcapsules can form hydrogen bonding with the matrix due to the presence of polar groups (amine and hydroxyl) on their melamine-formaldehyde shells. In Figure 2b it is evident that there is a healant inside the microcapsule. Figure 3 shows the size distribution of microcapsules with epoxy and hardener. The microcapsule size was in a wide range of 10-150 (A) and 20-300 (B) µm. The reason is that in the region of flow away from the propeller during the preparation of microcapsules, many larger microeddies exist, and in the vicinity of the propeller, many smaller microeddies exist, which result in a wider length scale [16] . In this study, the mean diameters of the prepared microcapsules were ~50 (A) and 100 (B) µm.
The effects of healing temperature on the fracture behaviour
The control experiments of epoxy without microcapsules show no healing effects, in agreement with our results reported by Yuan et al. [14] . Figure 4 shows curves of the fracture load with extension at the compressive direction for the samples under different healing temperatures at 18, 55 and 110°C lasting 17 hrs. They clearly show that the maximum fracture loads at 55 and 110°C are higher than at 18°C. At ~55°C it shows the highest fracture load.
The load-extension curves show in a zigzag way, especially at a higher temperature 110°C, which may be explained by the difference of polymerization and heat stability of the self-healing crosslinkers. The rapid crack growth takes place after the maximum load. Figure 5 shows load"extension curves before and after 55°C healing. The maximum fracture loads increase significantly after 55°C healing. The virgin sample loads nonlinearly followed by a linear regime to 95 N. This is followed by a drop in load (virgin slope failed and crack initiated) and a second linear regime until the crack length (not extension) to ~2 mm length, which suggests that the crack has propagated in the material. The crack of virgin sample retains some load-bearing capability, however the load of crack initiation is higher than the load of propagation in the material. The healed sample loads non-linearly followed by a linear regime to around ~30 N followed by a minor zigzag regime without a clear crack initiation and loading until the sample would have a same crack length, however the rapid crack growth happens at a 165 N load (crack-length independent). The healing efficiency values of the microcapsulesloaded epoxy samples healing lasting for 17 hrs at different temperatures are shown in Figure 6 . The healing efficiency values are determined by comparing the healed peak loads to the virgin peak loads. The average self-healing efficiency at healing temperature 18, 55 and 110°C for 17 hrs is 93, 171 and 158%. The given values are mean values of three parallel tests. It is obvious that the self-healing efficiency of the microcapsule-loaded epoxy/ mercaptan-derivative samples is significantly higher under healing temperature at ~55°C. This result is in accordance with the DSC result which shows the healing peak temperature 56.53°C of microcapsules.
FTIR and DSC
The microcapsule-loaded epoxy samples under different healing temperatures at 18, 55 and 110°C were investigated by FTIR spectra. The absorption peaks at 2800-3200, 2300-2400 and 1500-1800 cm -1 are attributed to C-H, CO 2 and carbon double bond absorption bands respectively. Figure 7 shows expanded FTIR spectra between 1200 and 500 cm -1 . The peaks at 1118 and 1105 cm -1 correspond to C-O stretch. The stretch mode of the oxirane ring of the epoxy group appears at 914 cm -1 . This disappears with increasing temperature probably due to the curing of epoxy at a higher temperature. Figure 8 shows DSC curves of the epoxy and hardener-loaded microcapsules mixture. The exothermic reaction peak at 56.53°C with onset temperature 41.77°C is the curing temperatures of the epoxy and hardener-loaded microcapsules. It is in accordance with the results obtained by the above test results which show that the fracture load and healing efficiency values of the microcapsuleloaded epoxy/mercaptan-derivative samples are significantly higher under healing temperature at 55°C.
Fracture morphology and photo elasticity
Using a polariscope, the specimens that were cracked (a) or healed (b) under stress are shown in Figure 9 . Figure 9a shows the end of the crack in specimen with birefringence. Figure 9b shows the healed crack without birefringence. The images in Figure 10 show a typical crack surface for a microcapsule specimen at 18 and 55°C. With regard to the microcapsule specimen, it is vis- Figure 6 . The self-healing efficiency of microcapsulesloaded epoxy samples with a healing temperature ible that the healants of fractured microcapsules have flowed out to the fracture surface so that they can react and heal the cracks at a suitable temperature. The SEM image in Figure 11 also clearly shows the micro-cracking pinning from the fractured microcapsules. The subsurface micro-crack pinning on the fracture plane ( Figure 11 ) may contribute to additional energy consumed in the course of fracture [14, 17] .
Discussion
It has been reported that for PMF microcapsules containing DCPD applied to polymeric composites, the higher self-healing efficiency can be obtained by adding a lower content of microcapsules with larger diameter or by adding a higher content of microcapsules with smaller diameter, and increasing microcapsule diameter can improve the maximum self-healing efficiency [13] . Although microcapsules don't behave like hard solid particles, similar fracture behavior has been in rubber toughened epoxy [17] . The deformation and subsurface micro-cracking associated with rubber toughened epoxy are similar to the mechanisms identified for microcapsule toughened epoxy. Previous reports [14, 17, 18] which have achieved over 100% healing have suggested that such high efficiency healing is the results of crack deviation or pinning from the original damage line or healing of the material past the original pre-crack using the higher fracture toughness of repair binder than that of the bulk material.
The fracture behavior of microcapsules-loaded epoxy matrix was investigated using a double torsion test which is based on a Mode I (opening) loading. The typical virgin sample loads nonlinearly followed by a linear regime. This is followed by a drop in load (virgin slope failed and crack initiated) and a second linear regime with a crack development. The healed sample loads non-linearly followed by a linear regime, then zigzag regime without a clear crack initiation and loading linearly until the rapid crack growth happens. Clearly microencapsulated epoxy and mercaptan-derivative healing agents can have the capability to heal the cracks after damage, but also provides the damaged sites with a higher fracture load. Here a higher selfhealing efficiency can be achieved by choosing a suitable curing temperature. The healing efficiency increases, then decreases with a healing temperature. The best healing temperature at about 55°C curing temperature of microencapsulated epoxy and mercaptan-derivative with healing efficiency 171% is determined by the fracture test and DSC measurement. The increased fracture load is correlated with a healant release and curing. The subsurface micro-crack pinning or deviation on the fracture plane and a stronger microencapsulated epoxy and mercaptan-derivative binder than that of the bulk epoxy along the original pre-crack may contribute to additional energy consumed in the course of fracture, leading to a greater than 100% self-healing efficiency. The reduced performance after higher temperature annealing at 120°C may be mainly due to thermal degradation of additional self-healing microcapsules. Based on our previous test results, the Epoxy/Mercaptan-derivative microcapsules provide two independent effects: increase the load carrying capacity of the epoxy from general toughing after healing and the ability to self-heal the virgin fracture at room temperature.
Conclusions
The fracture behavior of microcapsule-loaded epoxy matrix is studied for the effects of temperature. The load-extension curves start non-linearly followed by a linear regime, then zigzag regime and a linear regime until fails. The microencapsulated epoxy and mercaptan-derivative healing agents have flowed out to the fracture surface of epoxy so that they can react and heal the cracks. The addition of microcapsules appears to significantly increase the load carrying capacity of the epoxy after healing. The healing efficiency increases, then decreases with the healing temperature. The best healing temperature is at the about 55°C curing temperature of microencapsulated epoxy and mercaptan-derivative with healing efficiency up to self-healing efficiency 171%. Heating the polymer samples after fracture will change the mechanical properties, resulting in changes in the fracture strength due to the self-healing microcapsules or thermal degradation on polymers. It shows that the suitable healing temperature has a great effect on healing, thereby influencing the fracture behavior. The subsurface micro-crack pinning or deviation on the fracture plane and a stronger microencapsulated epoxy and mercaptanderivative binder than that of the bulk epoxy may lead to a greater than 100% self-healing efficiency. The Epoxy/Mercaptan-derivative microcapsules provide two independent effects: the capability to recover their load transferring ability after fracture and the ability to self-heal the virgin fracture at room temperature.
